For modern concretes, such as high-strength and self-compacting concrete (SCC), increased amount of fines and binder content are a common explanation for the large autogenous shrinkage and early-age cracking. In order to investigate the influence of fineness of concrete constituents on autogenous shrinkage, tests with SCC, incorporating limestone fillers with different specific surface area (by BET), were conducted. A dilatometer was used, generating measures of linear autogenous (sealed) deformation of the concrete cast in vapourproof flexible tube mould. Temperature and pore pressure were simultaneously measured with the deformation. Tests were conducted on mixes both with and without cement, i.e. with and without chemical shrinkage. The results indicated that increased surface area generated an increased magnitude and rate of autogenous shrinkage, without influencing the times to initial and final set. The mixes without cement appeared to generate a large "autogenous" shrinkage, without the presence of chemical reaction of cement and water (hydration). The shrinkage was approximately 0.8 mm/m at 24 hours, after an initial swelling up to 4 hours. This is the same magnitude as for the mixes with cement, but then these mixes generated no swelling and almost all shrinkage before final set (at ~11.5 hours from mixing). Increased particle surface area also decreased the rate and magnitude of evaporation, and consequently reduced the plastic crack tendency, despite increased autogenous shrinkage. Adding extra water to the mix, compensating for the loss of flowability due to increased particle surface area, increased the crack tendency significantly.
INTRODUCTION
Early-age shrinkage and cracking have become a recurrent problem in concrete construction. Conditions such as reduced maximum aggregate size, increased amount of fines, presence of retarding admixtures, increased binder content, and deficient covering and curing all contribute to this problem. At early age, when the cement paste is young and has poorly developed mechanical properties, autogenous and drying shrinkage, both incorporated in the plastic shrinkage, are the two main driving forces for cracking. When the concrete dries out due to evaporation, the loss of water from the paste generates negative capillary pressure, causing the paste to contract (see Wittmann [1] ), which in turn can lead to cracks. These contracting capillary forces are in reverse ratio to the meniscus radius, and hence the capillary tension stresses increase with decreasing pore sizes and interparticle spaces. Care has to be taken to protect the surface against drying, although experience in the use of concretes with low w/b has revealed that severe cracking may occur in spite of proper protection (curing membrane, etc.); see Bjøntegaard et al. [2] . For a concrete where evaporation is prevented, a contracting negative capillary pressure will also develop, but only once the hydration commences and the concrete sets (see Holt [3] ). As long as the concrete is fluid, autogenous shrinkage is considered to be equal to the chemical shrinkage; but once the self-supporting skeleton starts to form, the autogenous will diverge from the chemical (e.g. Hammer [4] , Jensen & Hansen [5] ). The pattern of autogenous deformation, exemplified in Figure 1 , comprises three distinct stages which can be defined as (I) plastic, (II) semiplastic and (III) rigid, separated by the time to initial and final set [6] . It has been suggested (e.g. by Barcelo [7] ) that, when measuring the autogenous deformation, the setting will be manifested as a change of the slope of the deformation. Furthermore, once the internal voids are created, it leads to the development of a capillary pore underpressure in the skeletal structure (see Figure  1 ), which causes an external deformation of the hardening concrete (see Radocea [8] ). It can be argued that the deformation occurring when the concrete is plastic mainly causes setting and has little consequence for the risk of cracking, while the shrinkage taking place when the concrete is semiplastic is considerably more detrimental as the concrete at this stage has poorly developed tensile strain capacity; see Kasai et al. [9] . This paper aims at demonstrating how changes in particle specific surface area affect the early-age deformations, primarily the autogenous. In this study, the change in area is represented by limestone fillers with different specific surface area quantified with the BET(H 2 O) method. Furthermore, early age is considered as the time from mixing up to 24 hours after mixing. The term 'deformation' is preferably used, since expansion also may occur. Autogenous deformation is considered to be the bulk deformation under sealed conditions, and is referred to the full period of hardening from the time when water was added to the mix. Linear displacement was used for measuring autogenous deformation. No corrections were made for the differences between linear and volumetric changes during the fluid state (before initial set). Moreover, ideal isothermal conditions are attributed to autogenous deformation, and this was not strictly the case. No compensation for thermal changes was made.
TEST METHODS

2.1
Autogenous shrinkage test method In this study, autogenous linear deformation was monitored by a concrete digital dilatometer (CDD), developed in order to start measurement before setting, when concrete is fresh. The method is a modification of the CT1 digital dilatometer for pastes and mortars; see Jensen & Hansen [10] . The CDD sample consists of a concrete specimen, cast in a steel coilreinforced vapour-proof flexible polyurethane tube with inner diameter of 82 mm and specimen length ~400 mm, sealed with hose clamps and O-ring-equipped PVC end-caps. The unrestrained linear deformation was recorded with a digital gauge (0.003 mm accuracy). The test, containing three complete CDD setups, was performed in a thermostable room at 20ºC, where the recording was started at 30 minutes from water addition. In order to elucidate the mechanism of autogenous deformation, and as it is highest up to an age of 12 hours, it is necessary to measure the deformation immediately after mixing (see Aïtcin [11] ). The equipment and apparatus for a typical test are shown in Figure 2 . Due to greater stiffness in the radial than in the longitudinal direction of the mould, when the concrete is in the fluid state, the flexible mould transforms most of the volumetric deformation into a linear deformation. As the concrete undergoes transition from a fluid to a rigid state, the deformation becomes isotropic. The ratio between linear and volumetric deformation is shown in Figure 2 . No correction for this was made, as the setting point is not a well-defined physical state but rather a continuous transformation from a liquid to a solid state (see Jensen & Hansen [5] ). The experiments were supplemented with measurements of temperature and pore pressure placed in the centre of the core. The pressure transducers were connected to a de-aired water-filled system with a needle (internal diameter of 0.4 mm and 50 mm length). [6] ). To the right, the ratio between linear and volumetric deformation for the mould. Filled with a Newtonian fluid the ratio follows the measured ratio, but once rigid the ratio will follow the calculated 3-D deformation (from [12] ).
Plastic shrinkage cracking test method
To evaluate the plastic crack tendency of concrete at early ages exposed to drying, a modified ring-test method, originally developed by Johansen & Dahl [13] , was used. The crack tendency was represented by a mean value of total crack area (crack length × crack width) on the concrete surface of each of three specimens. The setup was equipped with measurements of evaporation (by a scale), temperature and pore pressure (at depth 20 and 60 mm). Further description of the method can be found in Esping & Löfgren [6] and [14] .
MATERIALS AND MIX DESIGN
The mix design and constituents used comprise typical materials and composition for selfcompacting concrete (SCC) in Sweden, listed in Table 1 . Previous tests have shown that at a w/c of about 0.55 the plastic crack tendency is at a minimum point, and that the interplay between evaporation and autogenous deformation is at equilibrium (Esping & Löfgren [6] ). The limestone fillers' size distribution and specific surface area by BET(H 2 O) are given in Figure 3 . It can be noted that, despite L70 being the coarsest limestone filler, it showed the largest surface area. Normally, increased fineness generates a larger surface, but L70 is probably more porous due to differences in geological origin and thereby larger in area.
The concretes were prepared in batches of approximately 40 litres, and mixed in a twinshaft paddle mixer for 4 minutes after water was added to the premixed dry materials. The admixtures were added directly after the water. Mixes were also made without presence of cement, in order to evaluate the effect (if any) of particle surface area on the autogenous deformation without influence of chemical shrinkage. The cement was replaced with an equal volume of limestone filler, i.e. the filler content was increased from 160 to 458 kg/m 3 . Concrete flowability strongly depends on the size of the particle surface area which has to be covered with water to create mobility. When the specific surface area increases, so will the water demand of the mix for the same consistency. Using L40 as reference, extra water was added to the mixes, compensating for the differences in surface area by BET(H 2 O) and regaining constant flowability. A model was used where 30 molecular layers of water covering the particle surface are required to decrease interactions and provide lubrication sufficient to create flowability; see Esping [15] . In Table  2 the changes in recipe, due to differences in specific area of limestone filler, are given. This was only applied to the plastic shrinkage ring test, as the effect of water content on autogenous deformation has previously been demonstrated by Esping & Löfgren [12] . 
RESULTS
Autogenous deformation (with cement)
The results of the autogenous deformation measurements for the SCC incorporating the five limestone fillers with different specific surface area are presented in Figure 4 (a), while Figure 4 (b) and Figure 5(a) show the rate of the deformation. As can be observed, increased surface area (by BET method) increased both the magnitude and rate of shrinkage, primarily in the plastic region. The time to initial and final set, evaluated from the pattern of autogenous deformation when the rate is close to zero, was 6.1 respective 11.6 hours from mix; see Figure  5 (b). The differences in surface area had almost no effect on times to set (shorter than ±0.1 hours). This is confirmed by the measured temperature development; see Figure 7 (a-e).
Previous tests show that increased water content decreases the rate and magnitude of autogenous deformation, primarily as plastic, without affecting the time to set, which is equivalent to the effect that decreased surface area has (see Esping & Löfgren [12] ). Furthermore, Figure 6 (a) shows the development of pore pressure, and Figure 6 (b) the evaluated maximum rate of pore pressure which occurred at approximately 7-8 hours from mixing. The time to and magnitude of maximum underpressure could not be evaluated due to the loss of pressure at random times. This effect is usually referred to as the breakthrough pressure; see Wittman [1] . Finally, the relationship between the development of autogenous deformation, temperature, and pore pressure for the concretes with the five limestone fillers is shown in Figure 7 . As can be seen, as long as the concrete is plastic the deformation develops rapidly with an almost linear relationship, while during this period the temperature and capillary pore pressure undergo only small changes. However, at one point (at ~5 hours) the rate of deformation is slowed down, indicating 'setting' of the matrix. At the following knee point (at ~6 hours), indicating the initial set, both the capillary pore pressure and the temperature reach an accelerating phase, which indicates that the cement hydration accelerates (see Esping & Löfgren [6] ). The final set (at ~12 hours) is manifested by a plateau in deformation, slightly ahead of the temperature peak. 
"Autogenous" deformation (without cement)
The driving force of autogenous deformation is generally considered to be the hydration process (generating chemical shrinkage); hence the term "autogenous" in the case of mixes without cement is incorrect. The results of the "autogenous" deformation measurements for the mixes without cement (same composition as SCC w/c 0.55, but cement is replaced with equal-volume limestone filler) are presented in Figure 8 . Even though no cement is present, the mixes generated an "autogenous" shrinkage of approximately 0.8 mm/m at 24 hours, counted after an initial swelling up to 4 hours. This is the same magnitude as for the mixes with cement, but those generated no swelling and almost all shrinkage before final set. The results indicate that larger surface area increases the deformation (both swelling and shrinkage). The expansion can be explained by water being absorbed by the filler (and aggregate) and by the disjoining pressure, i.e. the adsorption of water molecules in locations where the distance between two surfaces is restricted, inducing pressure and expansion (see Nawa & Horita [16] ). Once lack of water occurs, this causes a restraining matrix of particles, and there will be pores with meniscus-generated capillary tension and thereby a contraction (see Hammer [17] ). 
4.3
Plastic shrinkage cracking A representative measure showing the relationship between the development of strain, temperature, and pore pressure (at 20 and 60 mm depth) for one of the concretes exposed to drying is shown in Figure 9 (a). As can be seen, the pore pressure develops more rapidly in comparison to sealed samples (autogenous). Here the maximum underpressure is reached at 5-6 hours from mix, with approximately 30 minutes between the two depths, whereas the development of temperature is similar to the sealed samples. The measured strain indicated that cracking was initiated at 3-4 hours from mixing. The average crack area (from three samples) is presented in Figure 9 (b), where it can be seen that the crack tendency is lower for concrete incorporating filler with a high specific surface area. In (b) is the crack tendency for the respective filler without, and with, extra water compensating for the differences in surface area.
When adding extra water to compensate for the loss in flowability, the crack tendency increased significantly. The differences in crack tendency are most likely a consequence mainly of evaporation, which is verified by the measured evaporation in Figure 10 (a) and its initial rate (up to 4 hours from mix, before initial setting) in Figure 10(b) . A large particle surface area lowers the evaporation, whereas extra water increases the evaporation. 
CONCLUSIONS
An experimental investigation of early-age (<24 hours) deformation was made on a series of self-compacting concretes with w/c 0.55 containing limestone filler with different specific surface area measured with BET(H 2 O). Autogenous linear deformations were measured and additional investigation of plastic crack tendency was carried out, both complemented by simultaneous measurements of pore pressure and temperature development.
The results show that:
• Increased particle surface area (by BET method) increased the rate and magnitude of autogenous shrinkage, primarily in the plastic region, without affecting the temperature development and the times to initial and final set.
• The relationship between autogenous deformation, temperature, and pore pressure shows that, as long as the concrete is plastic, the deformation develops rapidly and almost linearly while, during this period, the temperature and capillary pore pressure undergo only small changes. However, at one point (at ~5 hours) the rate of deformation is slowed down, indicating 'setting' of the matrix. At the following knee point (at ~6 hours), indicating the initial set, both the capillary pore pressure and the temperature reach an accelerating phase, which indicates that the cement hydration accelerates. The final set (at ~12 hours) is manifested by a plateau in deformation, slightly ahead of the temperature peak.
• The mixes without cement appeared to generate a large "autogenous" shrinkage, despite absence of chemical reaction of cement and water (hydration). The shrinkage was approximately 0.8 mm/m at 24 hours, after an initial swelling up to 4 hours. This is the same magnitude as for the mixes with cement, but then these mixes generated no swelling and almost all shrinkage before final set (at ~11.5 hours from mixing).
• Increased particle surface area decreased the rate and magnitude of evaporation and consequently reduced the plastic crack tendency, despite increased autogenous shrinkage. Adding extra water to the mix, compensating for the loss of flowability due to increased particle surface area, increased the crack tendency significantly.
